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Monday, February 27, 2012 305amicrosomal fraction. The functional significance of RyR2 N-terminus self-
association was studied by [3H]ryanodine binding assays. We found that
the BT4L fragment activates the channel at low Ca2þ concentrations most
likely by disrupting inter-subunit N-terminal self-association within the tetra-
meric channel. Our findings suggest that the RyR2 N-terminus regulates
channel function through inter-subunit interactions. This work was supported
by the British Heart Foundation.
1555-Pos Board B325
STED Nanoscopy of Cardiac RyR2 Clusters and Sub-Structure Analysis
After Myocardial Infarction
Tobias Kohl1, Ulrich Parlitz2, Marcel Lauterbach3, Hoang-TrongMinhTuan4,
George S.B. Williams5, Volker Westphal3, M. Saleet Jafri5, W.J. Lederer5,
Stefan Luther2, Stefan W. Hell3, Stephan E. Lehnart1.
1Dept. of Cardiology and Pulmonology, University Medical Center,
Go¨ttingen, Germany, 2Biomedical Physics Group, Max Planck Institute for
Dynamics and Self-Organization, Go¨ttingen, Germany, 3Dept. of
NanoBiophotonics, Max Planck Institute for Biophysical Chemistry,
Go¨ttingen, Germany, 4School of Systems Biology, GeorgeMason University,
Manassas, VA, USA, 5Center for Biomedical Engineering and Technology,
University of Maryland, Baltimore, MD 20742, Baltimore, MD, USA.
Cardiac ryanodine receptor (RyR2) Ca2þ release channels occur as multi-
channel clusters at subcellular Ca2þ release sites in cardiomyocytes. RyR2
clusters are thought to underlie important signal amplification mechanisms in-
cluding coupled gating of physically associated Ca2þ release channels. The na-
ture of RyR2 channel organization in intact intracellular channel clusters is not
known.
We have investigated the nanostructure of RyR2 clusters using Stimulated
Emission Depletion (STED) nanoscopy with ~60 nm lateral resolution and in-
direct immunofluorescence in cardiomyocytes. We compared RyR2 clusters in
adult cardiomyocytes from sham hearts with hearts 8 weeks after myocardial
infarction (post-MI).
Peripheral RyR2 clusters were detected at a density of 1.3 5 0.2 clusters per
mm2 in control cells (2237 clusters) and 1.65 0.1 in diseased cells (1752 clus-
ters). Individual clusters were analyzed by incrementally detecting signal edges
which defined intra-cluster substructures and intensity peaks. Within individual
clusters, nearest-neighbour distances between intensity peaks showed an asym-
metric distribution with a maximum at 1005 1 nm in healthy cardiomyocytes.
In post-MI cells this distribution showed a left shift with a maximum at 855 3
nm (p< 0.05 Mann-Whitney test; mean distance sham 150.653.2 nm vs post-
MI 129.55 2.7 nm).
In conclusion, immuno-labeled cardiac RyR2 clusters showed distinct non-
randomly organized sub-structures as evidenced by characteristic intra-
cluster peak-to-peak distances. Our data suggest that continuous RyR2 clusters
contain substructures which occur repeatedly as densely organized groups of
RyR2 channels. In addition, we showed altered RyR2 clusters after myocardial
infarction with smaller intra-cluster peak-to-peak distances which implies
tighter channel packing. We are preparing a working mathematical model of
normal RyR2 cluster function and the role of potential substructures and their
changes in heart disease.
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Adenine nucleotides are basic modulators of Ca2þ release channels from sar-
coplasmic reticulum, ryanodine receptors (RyRs). Similar to several other ion
channels, ATP acts as a non-hydrolyzed ligand for activation of RyR1 with
EC50 in the millimolar range: it enhances Ca
2þ release from SR, increases
ryanodine binding, and stimulates Ca2þrelease through RyR1 channels incor-
porated into bilayers. The activation effect of ATP is likely to occur via its
binding to one or more molecular sites on RyR1. However, the number and
the localization of these sites have not yet been determined. We used
2N3ATP-2’, 3’-Biotin-LC-Hydrazone (BioATP-HDZ), a photo-reactive ATP
analog, as a probe for identification of the ATP-binding sites and for their lo-
cation within the polypeptide chain of the RyR1 protein. We found that
BioATP-HDZ binds specifically to the purified RyR1 upon photo-activation
by ultraviolet light. The covalent binding of BioATP-HDZ was inhibited byunlabeled ATP with IC50= 0.6 5 0.2 mM. This is in agreement with the re-
ported EC50 value for activation of RyR1 with ATP (~0.5 mM) and suggests
a similar affinity for BioATP-HDZ. The BioATP-HDZ-labeled SR mem-
branes and purified RyR1 were subjected to limited proteolysis by trypsin, fol-
lowed by SDS-PAGE analysis, and the labeled proteolytic fragments were
identified with IR800Dye-streptavidin using an Odyssey near-infrared scan-
ner. N-terminal sequence analysis of the labeled proteolytic fragments re-
vealed three putative sequences of RyR1 protein that possibly constitute
ATP-binding site(s) in the channel: 95 kDa (amino acids 426-1508), 44
kDa (amino acids 2402-2795) and 70 kDa (amino acids 4476-5037). Only
one fragment includes the consensus motifs (amino acids 427-432, 699-704
and 1195-1200) for potential nucleotide-binding sites found in the primary se-
quence of RyR1.
These studies are supported by grants from NIH (R01GM072804,
R01GM072804-05S1) and MDA grant 88677.
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It was shown previously that the Ca analogue Gd inhibits RyR1 gating symmet-
rically with a Kd about 5.5 microM and Hill coefficient (nH) of 4 both on cis
and trans side using single channel electrophysiology. We further tested the
RyR1-lanthanide interaction using two lanthanides - having an ionic radii be-
tween Ca2þ and Gd3þ - by bilayer measurements and ryanodine binding exper-
iments. Cis inhibition of RyR1 by Eu was characterized by a binding constant
of Kd=16755 nM and an nH of 250.1 while trans inhibition exhibits
Kd=4.850.2 microM and nN of 5.251.2. The inhibition constants for Sm
on the cis side are Kd=64.352.5 nM and nH=2.250.2 while on the trans
side Kd=6.1550.13 microM and nH=4.6850.45. Inhibition by Eu and Sm
are potential and polarity dependent in contrast to Gd due to the differences
in ionic radii of these lanthanides. Increasing the ionic radius from 0.938
(Gd) to 0.964 (Sm) increased the binding affinity from 5.6 microM to 64.3
nM revealing that the size of Ca binding pocket is only slightly higher than
the ionic radius of Sm. Ryanodine (Ry) binding experiments revealed that lan-
thanides bind - at least partially - to the regulatory Ca binding site because the
dose response curve of 3H Ry binding starts with an increase of Ry binding,
which amounts to about 40% for Eu and 70% for Sm of basic Ry binding. A
model has been proposed for one possible spatial arrangement of lanthanide
and calcium binding sites of the RyR1 pore based on the ionic radii of Ca
and the tested lanthanides. Supported by OTKA 81923.
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We previously reported (Kampfer & Balog Biochem 49:7600, 2010) that S-
adenosyl-l-methionine (SAM) can act as a RyR2 channel regulatory ligand
in a manner independent from its recognized role as a biological methyl group
donor. Channel activation appeared to arise from the interaction of SAM with
a RyR2 adenine nucleotide binding site. In addition to its ability to activate
RyR2, single channel recordings revealed distinct effects of SAM on RyR2
conductance, which we explored here in greater detail. The effects of SAM
on native RyR2 channel conductance in symmetric cesium methanesulfonate
were dependent on SAM concentration and holding potential. At negative po-
tentials, cis SAM induced a single, clearly resolved subconductance state
(~2/3 full conductance). The proportion of SAM induced subconductance
openings, as a proportion of all openings (Psub/Po), increased with decreasing
negative potential. Kinetic analysis revealed that changes in the SAM off rate
accounted for the voltage dependence of the transitions between the full open
and SAM induced subconductance state. In contrast, at positive potentials
SAM caused a striking reduction in channel openings with no distinct effect
on channel conductance. Inconsistent with a simple pore block mechanism
was the finding that the prevalence of the subconductance state was unaffected
by varying the cesium concentration gradient across the bilayer. Furthermore,
ATP but not 4-chloro-m-cresol, interfered with the effects of SAM at both
negative and positive potentials, suggesting ATP competition with SAM for
306a Monday, February 27, 2012a common binding site. We interpret these findings in light of an allosteric
mechanism whereby SAM interacts with a RyR2 adenine nucleotide binding
site. SAM binds to and stabilizes a channel conformation of reduced conduc-
tance and we propose the voltage dependence of the SAM-induced subcon-
ductance state arises from a voltage-driven alteration in the affinity of the
SAM binding site.1559-Pos Board B329
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DPc10 is a synthetic RyR2 peptide corresponding to the part of central do-
main (Gly2460-Pro2495) in cardiomyocytes. It was reported that DPc10 can
specifically bind and destabilize RyR2 by causing defective domain interac-
tion between N-terminal and central domains, which is called ‘‘domain un-
zipping’’. In this study, we use DPc10 as a marker, through small
fluorophore and single site specifically labeled proteins, to map the location
of DPc10 binding site in permeabilized cardiomyocytes via different FRET
pairs. We first test the DPc10 binding stoichiometry, by measuring the ratio
of donor (AF488/568-FKBP12.6) enhancement upon acceptor (HF647-
DPc10) photobleaching, which show donor and acceptor stoichiometry is
1:1. Two different R0 FRET pairs (AF488/AF568-FKBP12.6 and HF647-
DPc10) are used to assess FKBP12.6-DPc10 FRET efficiency in permeabi-
lized cardiomyocytes via acceptor photobleach (PB) and donor quench
(Quench).
TheFRETefficiencybetweenAF568-FKBP12.6 andHF647-DPc10was90.85
0.6% (PB), 91.95 0.6% (Quench), corresponding to a distance of 55.85 0.6 A˚
(PB), 54.15 0.8 A˚ (Quench). Furthermore, FRET efficiency between AF488-
FKBP12.6 and HF647-DPc10 was 57.95 1.4 % (PB), 62.45 1.4 % (Quench),
corresponding to the distance of 53.1 5 0.5 A˚ (PB), 51.4 5 0.5 A˚ (Quench)
which is consistent with the distance measured in FRET between AF568-
FKBP12.6 and HF647-DPc10. Moreover, through another FRET pair AF568-
CaM and HF647-DPc10, their FRET efficiency was 89.65 0.6 % (PB), which
reflects the distance between CaM and DPc10 is 57.25 0.7 A˚ (PB).
These results provide direct in situ information of DPc10 localization on the
functional RyR2.
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ABSTACT
Calmodulin (CaM) is an important intracellular protein which modulates
many cell functions by interacting with other enzymes. The skeletal muscle
ryanodine receptor (RyR1) is regulated by both Ca2þ and CaM. CaM was
reported to be able to effectively increase channel opening at low Ca2þ
and decrease channel opening at high Ca2þ. However, which Ca2þ binding
site of CaM serves as the switch in the biphasic Ca2þ dependence of
RyR1 activation remains unclear. To address this question, we engineered
a series of CaM variants with increased and decreased Ca2þ binding affini-
ties. Using various spectroscopic methods such as circular dichroism (CD),
fluorescence, high resolution NMR and single channel activity measure-
ments, we have shown that Ca2þ binding to CaM’s C-terminal acts as the
switch converting CaM from a RyR1 activator to a channel inhibitor. These
results further indicate that targeting CaM’s Ca2þ affinity may be a valid
strategy to tune the activation profile of ion channels. We then applied pep-
tide model and mini-domain approaches to dissect the possible interaction
modes between CaM and RyR1 in the absence and presence of calcium. Us-
ing 1H-15N HSQC, residual dipolar coupling (RDC), and fluorescence spec-
troscopy, we have shown that that both Ca2þ CaM and Apo-CaM
differentially interact with different regions of RyR1 with different binding
modes and affinity.1561-Pos Board B331
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We are using F-FKBP biosensors and FRET to resolve protein-protein interac-
tions and structural changes regulating ryanodine receptor (RyR) channels. We
previously showed that this approach resolves the binding of calmodulin (CaM)
to its regulatory site on RyR2. Here we examine the modulation of RyR2 CaM
binding by DPc10, a peptide derived from the central hot-spot region of RyR2.
In 30nM Ca, DPc10 reduced F-CaM binding to RyR2 by more than half, de-
creasing both the apparent affinity of binding and the maximal FRET at high
[F-CaM]. In contrast, in 300mMCa DPc10 had no effect on RyR2 F-CaM bind-
ing, suggesting that DPc10 selectively inhibits apoCaM versus CaCaM binding.
Accordingly, in experiments using a Ca-insensitive F-CaM (F-CaM1234),
DPc10 inhibited RyR2 CaM binding regardless of [Ca], indicating that the
loss of DPc10 inhibition in micromolar Ca results from Ca binding to CaM
(and not from Ca binding to RyR2). To directly monitor DPc10 binding to
RyR2, we attached a nonfluorescent acceptor to the peptide’s N-terminus (A-
DPc10). Binding of A-DPc10 to RyR2 was shown by a decrease in fluorescence
of RyR2-bound F-FKBP donor (ie, FRET). Increasing Ca from 30nM to
300mM progressively reduced, but did not abolish, A-DPc10 binding to
RyR2. FRET to A-DPc10 was strong when the donor was attached to FKBP
at a position adjacent to the RyR2 handle region, and weaker when the donor
was attached near the RyR2 clamp region. We conclude that DPc10 binds to
a discrete site near the RyR2 handle to inhibit apoCaM binding to the channel.
Results suggest new insights into the mechanisms by which DPc10 promotes
diastolic Ca leak and myocyte hypertrophy, and new means of probing regula-
tory interactions between CaM and RyR2 that are crucial for cardiac function
and development.
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Atrial fibrillation (AF) is a multifactorial disease whose underlying mecha-
nisms are still incompletely understood. Atrial myocytes undergo similar
stretch during diastolic filling as ventricular myocytes and acute atrial stretch
can induce AF. Our group recently identified a novel mechanism linking cellu-
lar stretch to the tuning of Ca2þ release from the sarcoplasmic reticulum (SR)
in ventricular myocytes (Prosser et al. Science 201;333:1440-5). This mecha-
nism, ‘‘X-ROS signaling’’, depends on NOX2 (NADPH oxidase) to generate
reactive oxygen species (ROS), which oxidizes the local RyR2 Ca2þ release
channels of the SR and increases their Ca2þ sensitivity. Stretch mediates X-
ROS signaling through microtubules, which interact with NOX2 located in
transverse tubules and the surface sarcolemmal membranes.
Interestingly, in atrial myocytes from AF patients both increased ROS levels
and arrhythmogenic Ca2þ signaling instability are present. We evaluated the
effect of acute and repeated stretch on sub-cellular Ca2þ sparks in murine
atrial myocytes (C57/B6) with instrumentation (WPI, Sarasota, FL) and
methods of Prosser et al. (2011). Ca2þ sparks were recorded before and af-
ter acute and repeated stretch (8% of cell length). Here, we report an in-
crease in stretch-dependent Ca2þ spark frequency in single murine atrial
myocytes. Thus, stretch-dependent Ca2þ release mechanisms are also oper-
ative in atrial myocytes and likely to play a role in Ca2þ dependent arrhyth-
mias like AF. Our ongoing work will interrogate the components of the X-
ROS pathway to determine the relative contribution of this pathway in atrial
myocytes.
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It was shown previously that maurocalcin (MCa) induces long lasting subcon-
ductance states (LLSS) investigating the RyR function by single channel elec-
trophysiology. These LLSSs are polarity and potential dependent and caused
by the distinct positively charged surface formed by 5 amino acids
